High-Resolution Surface-Coil Imaging of Lumbar Disk Disease
Seventeen patients with lumbar disk disease were studied using a prototype magnetic resonance (MR) surface coil. The high signal-to-noise ratio achieved with the surface coil permitted increases in spatial resolution to 0.9 x 0.9 mm in-plane resolution with 5 mm slice thickness, The surface coil was also compatible with multi planar, multiecho imaging techniques, The spatial resolution achieved in this study was nearly equivalent to that achieved by state-of-the-art computed tomographic (CT) scanners, and MR showed a superior range of soft-tissue contrast. One significant limitation of MR was its inability to demonstrate small calcifications. Nevertheless, MR imaging provided diagnostic information comparable to CT or myelography in a completely noninvasive manner. With further technical advances, MR is likely to become the initial procedure of choice for evaluating patients with suspected lumbar disk disease.
Preliminary studies using conventional magnetic resonance (MR) imaging techniques have demonstrated several unique advantages over computed tomography (CT) and myelography in evaluating lumbar disk disease [1] [2] [3] [4] . For example , MR is free of the x-ray beam-hardening artifacts that limit CT. In addition to crosssectional anatomic detail , MR tissue characteristics allow identification of the degenerated nucleus pulposus [3] . Unfortunately, when conventional radiofrequency (RF) whole-body saddle coils are used , low signal-to-noise (SjN) ratios severely limit achievable anatomic resolution , precluding routine clinical application . The use of a prototype surface coil has increased SjN ratios and spatial resolution . The incorporation of plane selection oriented parallel to the disk with multi planar imaging [5 , 6] has allowed application of MR imaging of the lumbar spine in a routine clinical setting. In this study these new MR techniques are compared with CT and myelography in patients with lumbar disk disease.
Subjects and Methods
Seventeen patients aged 21-60 years were studied with MR at Massachusetts General Hospital. Fourteen of the patients were referred for MR study because CT or myelography performed within the previous 2 weeks demonstrated lumbar disk disease. Three other patients were selected to have MR as the initial study because of clinical symptoms ; all three were subsequently proven by CT to have lumbar disk disease . In 10 patients operative results confirmed the CT and myelographic findings. Patients with prior back surgery were excluded from this study.
MR examinations were performed with a Technicare superconducting magnet operated at 0.6 T. Similar systems have been described in detail [7] . A 20-cm-diam prototype two-turn surface coil was used for all patients . The coil was shielded with copper on its sides and bottom to minimize RF coupling with the body coil , which was not removed during imaging . During the course of this study , the surface coil was used as both the RF tran smitter and receiver. Standard multislice , multiecho acquisition techniques were completely compatible with this coil configuration . -Calcified lateral disk herniation at LS-S1 . A, Localizing 1.S-cm-thick slice, T1-weighted midline sagittal image (SE 300/30). Mild bulge at LS-S1 (arrowhead) . True transverse image (horizontal line) at LS-S1 would not be in plane of LS-S1 disk. B, Same sagittal image, but showing degree of angulation of 26° necessary to scan parallel to disk space . This degree of angulation cannot be achieved by current CT scanners . C, Parasagittal image. Further extension of large lateral herniation (arrows) . 0 , CT scan shows LS-S1 disk herniation to be calcified (arrows) . E, Transverse T1-weighted image angled 26° at LS-S1 level. Large disk herniation (white arrow). Herniated disk displaces S1 nerve root posterior1y (black arrow), while opposite S1 nerve root is unaffected (arrowhead) . Compared with CT scan (0) , calcification in herniated disk seen poorly. F, Transverse image caudal to E. Asymmetry in region of S1 roots (arrow) could represent edema of root , conjoined roots, or partial-volume averaging of herniated disk above. G, T2-weighted image through same LS-S1 level as E better shows focal areas of low intensity (arrow) corresponding to calcifications seen on CT scan (0). coil, and positioning was checked by obtaining a single image in the sagittal plane . This initial image was obtained using an image matrix of 256 x 128 elements , yielding an in-plane spatial resolution of 1.8 x 0.9 mm; slice thickness was set at 1.5 cm. Spin-echo (SE) technique with a repetition time (TR) of 300 msec, an echo time (TE) of 30 msec, and two signal averages (SE 300/30/2) allowed localization of L2-S1 in 1.1 min . Once patient positioning was confirmed, in-plane spatial resolution was increased to 0.9 x 0.9 mm by using a 256 x 256 element image matrix and reducing slice thickness to 5 mm. Using this high-resolution technique , multislice acquisition was pos- [8) .
After localization , 11 multislice sagittal images were obtained in 18 min using an SE 500/30 sequence with eight signal averages . On the basis of the findings on these high-resolution sagittal images, a stack of 11 transverse images was obtained at the level of the suspected abnormality with oblique angulation to orient the image plane parallel to the disk space , as is common practice in CT. Techniques for oblique (Euler angle) imaging have been described in detail [5 , 6) . After obtaining these high-resolution "T1-weighted " images in two planes of section , SE 2000/30 ,60/4 or 2000/60,120/4 double-echo pulse sequences were used for purposes of tissue characterization. These "T2-weighted" images were obtained in either the sagittal or tran sverse plane to further characterize pathology identified on the "T1 -weighted " images. Because of the longer TR times necessary to obtain T2-weighted images , fewer signal averages were used and spatial resolution was decreased to 1.8 x 0.9 mm . To limit imaging time to 18 min , SIN ratios and spatial resolution were sacrificed on the T2-weighted images . Total time for setup, acquisition, reconstruction , photography , and archival of a complete lumbar spine examination was about 75-90 min .
MR images were interpreted by two radiologists (K . R. D. and P. Moderately high signal intensity of herniation (large white arrow) encroaching on fat in region of nerve root sleeve (black arrow) . Opposite S1 nerve root is unaffected (black arrowhead). Low signal suggests nerve roots within thecal sac (small white arrows) and high signal intensity from synovial fluid within facet joints (white arrowheads). D, CT at LS-S1 . Excellent correlation with MR at LS-S1 level. Displaced S1 root on right (arrow).
Twenty-nine disk herniations or bulges were identified in our 17 patients. Nineteen focal herniations and 10 diffuse disk bulges were diagnosed by CT, myelography, and/or surgery. All 29 abnormal disks were detected on the initial sagittal MR images. The axial scans correctly differentiated between 19 disk herniations and 10 disks with diffuse bulging only. However, a free fragment was not detected in one patient. All of the disks shown to be normal by MR were normal by CT and/ or myelography.
Sagittal images demonstrated at least three (L3-L4, L4-LS, and LS-S1) disk levels simultaneously ( figs. 1 A-1 C) . Epidural fat, which has a relatively short T1 and long T2, appeared as the highest-intensity tissue on both the T1-and T2-weighted images used in this study ( fig. 2) . The cortical bone of the vertebral end-plates and posterior elements, as well as the ligamentous structures, are characterized by very low mobile proton density and therefore appear black on all sequences studied ( fig . 2A) . The outer fibers of the normal anulus fibrosus , seen as a dark ring around the nucleus pulposus, were flat or concave posteriorly. The cancellous bone of the superior and inferior facets was of relatively high intenSity due to fat-containing marrow, while the surrounding . 3C) .
The nerve roots/root sheaths are seen as low-intensity structures on both T1-and T2-weighted images. This generally allowed good demonstration of the nerve roots and root sheaths in the neural foramina on the parasagittal images . particularly on the high-resolution T1-weighted seq uences (figs. 2B and 2C). The cerebrospinal fluid (CSF)-containing thecal sac demonstrated low signal on T1-weighted images and a progressive increase in signal on T2-weighted images .
On the more T2-weighted images (S E 2000/30 or SE 2000/ 60) the individual nerve roots of the cauda equina cou ld be seen as low-intensity structures within the bright CSF ( fig.   E   D   3C ). T2-weighted sequences were particularly useful for enhancing contrast between the intervertebral disk and thecal sac when there was a paucity of epidural fat ( fig . 3A) . providing an MR "myelogram ."
The normal nucleus pulposus demonstrated intermediate signal intensity on T1-weighted images and higher intensity as T2 weighting increased . On sag ittal images . the nucleus pulposus was divided by a central line of low signal intensity ( fig . 3A) . possibly representing dense fibrous tissue that normally divides the nucleus during the second decade of life (9) . Herniated disk material appeared similar or slightly lower in intensity compared with th e nucleus pulposus on both nand T2-weighted sequences in most cases but occasionally was higher in intensity ( fig. 3C) . Disk herniation had a very 3A) . In one case of a surgically proven disk herniation with an associated extruded fragment , the herniation appeared contiguous with the nucleus pulposus. The fragment, however, was not clearly demonstrated by either MR or CT (fig . 4) . Because of the 5 mm slice thickness , it was sometimes difficult to optimally assess asymmetric disk bulging or herniation on the sagittal views . Furthermore, the degree of focality , which is the major radiographic feature differentiating disk bulge from herniation, was not well assessed on the sagittal views . For these reasons, transverse images were obtained in all cases . The transverse images were routinely angled parallel to the affected disk level. This was achieved by MR in cases where the CT gantry could not be sufficiently angulated, for example, at the L5-S1 level ( fig. 1 B) . Although asymmetry or bulging of herniated disks was best assessed on transverse images, Signal-intensity changes characteristic of disk degeneration were best assessed on sagittal images since several disk levels could be compared on a single image.
n-weighted images generally provided optimal anatomic detail and superb tissue contrast between the herniation, epidural fat, and nerve roots. However, the T2-weighted images occasionally provided better delineation of the disk from the thecal sac, particularly when there was a paucity of epidural fat ( fig. 5) .
In the two patients with calcified herniations, MR demonstrated low-intensity areas within the herniations, particularly on T2-weighted images ( figs. 1 G and 5D) . However, the extent of these low-intensity areas was less than that of the corresponding high-density areas of calcification seen on CT.
All 19 herniations were demonstrated well by MR . In one patient it was difficult to determine by CT whether foraminal narrowing was secondary to a vertebral body osteophyte or a calcified herniated disk. Because of the continuity of the intervertebral disk with the herniated part, this distinction could be made on MR (fig. 5C ).
Discussion
We have shown that high-resolution surface-coil MR imaging of the lumbar spine has the ability to demonstrate and characterize disk herniation with spatial resolution comparable to that of CT and myelography. The capability of MR to evaluate the lumbar spine with high spatial resolution is a benefit of the high SIN ratio achievable by the surface-coil technique.
Surface coils provide two advantages over conventional whole-body saddle coils. First, because of the small size of the surface coil, its limited field of view , and its proximity to the area being imaged, signal is high and noise is low [10] . The SIN ratio is more than three to five times greater than we have achieved with a whole-body saddle coil using comparable slice thickness and in-plane resolution. To achieve a section thickness, in-plane resolution, and SIN ratio equivalent to those achieved in this study using a surface coil, image acquisition times using our body coil would have to be on the ord. er of hours instead of minutes. Second , surface coils are not affected by artifacts caused by respiratory, bowel, and vessel motion. Whole-body coils allow propagation of those artifacts throughout the image, including the spine . These artifacts become very prominent whe!1 small pixel sizes are used for high-resolution studies. The sensitivity of surface coils falls with distance from the coil , so that motion of abdominal structures outside the "field of view" does not degrade the images of the spine.
MR has the advantages of both CT and myelography. As with CT, tomographic cross-sectional MR images are ideally suited for demonstrating lateral disk abnormalities. As with myelography, MR has the capacity to image the entire lumbar spine simultaneously on sagittal images. MR also has the advantage of being completely noninvasive, as no contrast material needs to be introduced and no ionizing radiation is used.
Compared with CT, MR was considerably less able to demonstrate calcification of the herniated nucleus pulposus. However, the presence of calcification can be suggested by regions of decreased signal intensity on both T1-and T2-weighted images.
Although the MR slice thickness and in-plane resolution in our study were slightly inferior to those achievable by currentgeneration CT scanners , this was compensated for by the capacity to scan in two approximately orthogonal plane orientations. Thus, where a question of partial-volume averaging was raised in the transverse scans, the high in-plane resolution of the sagittal images permitted optimal evaluation . This capacity of MR to demonstrate continuity of the herniation with the nucleus pulposus on the sagittal images permitted easy recognition of herniation or disk bulging .
Total MR examination times in our study were only slightly greater than total CT examination times . However, with improvements in surface-coil design and gradient hardware, we antiCipate that at least a further two-fold improvement in SIN ratio for equivalent slice thickness and in-plane resolution will be achieved. This will permit a reduction by a factor of four in total scanning time or, alternatively, reduction in slice thickness and in-plane resolution to reduce partial-volume averaging. In fact , though the 5 mm slice thickness used in our study was generally satisfactory, 3 mm thick slices or smaller would be preferable. In addition , the surface coil is probably best used in a receive-only configuration , rather than the transmit-receive configuration used in our study. This would eliminate the "null" signal bands evident in these images ( fig .  3A) resulting from a nonuniform RF field .
Our results demonstrate for the first time that MR imaging can be a practical alternative to CT and myelography in the detection and characterization of lumbar disk herniation . It is anticipated that with further technical improvements and larger clinical trials , surface-coil MR imaging will become established as the procedure of choice for MR imaging of lumbar disk disease.
